Introduction
While the popularity of triathlon events has increased over the past five years, limited information is available concerning the physiological responses of the triathlete occurring during the run section that follows swimming and cycling sections [14, 15, 21] . Typically during a triathlon, involving consecutive trials in swimming, cycling, and running, the musculature of the upper and lower body is utilized for the three different events. In regard to the influence of cycling on the running performance, the first data recorded by Boone and Kreider [41 have demonstrated that the energy cost of running (Ec) was higher when it was carried out after a warm-up on the ergocycle than when it was performed after a warm-up on the treadmill. In addition to this result Kreider et al. [21] showed that at the end of a simulated triathlon conducted in a laboratory both oxygen uptake and heart rate values were greater during a 10 km triathlon run than during a control run. More recently this result was confirmed by Guézennec et al. [141 during an overground simulated triathlon: these authors have shown a decrease of running efficiency during the run section of the triathlon compared with an isolated run performed at the same pace.
Analysis of surface electromyographic (SEMG) activity has been used increasingly in order to study muscle fatigue [8] . It has been found that an increase in EMG amplitude with time has been associated with prolonged submaximal muscle contractions [1 ] . Although the mechanisms of these alterations are debatable, changes in the myoelectric signais have been shown to provide information relating to events which occur inside the muscle [8] . Relationships have been found recently between running economy and temporal EMG characteristics of leg muscles [17] , however no data is available concerning running economy and the modifications of integrated EMG records obtained at the end of prolonged exercise of running.
While several studies have reported an increase in the energy cost of running at the end of a triathlon compared to a control run performed at the same speed [14, 15] , few studies have attempted to compare the evolution of the Ec obtained during the triathlon run and the Ec recorded at the end of a marathon run performed at the same velocity [15, 16] . The foregoing studies confirmed the decrease in running efficiency previously shown during the run section of a triathlon and demonstrated that this decrease was less than that observed during the final phase of a marathon. However, the relationships between EMG signal and the appearance of muscle fatigue due to different types of prolonged exercise have not been yet documented.
The aims of the present study were therefore to: 1. verify the decrease in running economy previously observed during both a triathlon and a prolonged run, 2. compare the evolution of the integrated electromyographic flow obtained during a run section of a triathlon and at the end of a prolonged run performed at the same running speed, 3. to determine EMG changes recorded during isometric contractions at the end of each prolonged exercise (triathlon, prolonged run) and correlate these changes with the fatigue level.
Methods

Subjects
The subjects who participated in this study were seven well-motivated male triathletes. They were comprehensively informed of the requirements and procedures of the experiment. The subjects were selected on the basis of their performance time over the 'Olympic' distance triathlon (range 1 h 57 -2 h 27). A briefing session was conducted in order to familiarize subjects with the cycling circuit and treadmill which were to be used during the investigation. The subjects completed a light training program during the recovery period of each testing session. During the entire experimental procedure the subjects were to not perform any exhausting exercise in the 48 hours preceding each test. The anthropometric data and physiological characteristics of the subjects are reported in Table 1 . These data are similar to those reported in previous studies [21, 30] .
Maximal oxygen uptake (VO 2 max) and oxygen uptake measurements 1) Subjects initially performed a running VO 2 max test on a motorized treadmill fixed at 0% gradient (2500 ST, GYMROL, Andrezieux-Boutheon, France). The test began with a warm-up at 12 km x h -1 for 9 min, and the running speed was then increased by 1 km x h -1 every 2 min until volitional exhaustion. Oxygen uptake was recorded continuously with a metabolic cart measurement (type CPX, Medical Graphics, Saint-Paul, Minnesota, USA). The criteria used for the determination of VO 2 max were: a plateau in VO 2 despite an increase in running speed, a Respiratory Exchange Ratio (RER) above 1.1, and a heart rate (HR) over 90% of the predicted maximal HR [2] . The Maximal Aerobic Speed (MAS) was the highest speed completed for 2 minutes.
2) Oxygen uptake (V0 2 ) was recorded using the CPX analyser. VO 2 values collected during the treadmill sessions were recorded as previously reported [15] , i.e. during the second to fifth minute of running (2 -5, period 1), during the fifteenth to twenty-second min (15 -22, period 2), and the thirtyfifth to fourty-second min (35 -42, period 3) in order to give the runners a maximum of respiratory comfort and let them drink during the treadmill run (Fig. 1) . The calculation of the energy cost of running (Ec) is usually performed using the formula given by Di Prampero [9] :
The 0.083 (in ml x kg -1 x s -1
) is VO 2 value corresponding to the y-intercept of the V0 2 -speed relationship established in young male adults [25] .
Head rate was monitored using a cardiofrequency meter (BHL-6000, Bauman-Haldi SA, Fleurier, Switzerland).
Protocol and experimental procedures
The experimental trials (the first, second, and third testing sessions) were randomized for each subject in order to avoid problems due to a Jack of motivation or motor skills learning. Moreover, to secure a complete recovery, the delay between each test was about one week for each triathlete. The protocol is presented in Fig. 1 : it was the same previously applied by Hausswirth et al. [16] . Each triathlete carried out the proposed trials as if it was a real competition in spite of the absence of a direct competitor. All triathletes performed an isolated run (IR) test of 45 minutes at 75 % of the Maximal Aerobic Speed (MAS) recorded during the VO 2 max test. The second testing session was the simulation of a triathlon of 2 h 5 min duration. It consisted of 30 min swimming, 60 min cycling on a flat traffic-free road, and 45 min treadmill running (0% gradient) at 75 % of MAS. For the cycling trial the triathletes had to maintain the pedalling frequency obtained after 10 min of cycling (± 2 rpm) and were allowed to change gear when they liked. The two transition times between the 3 events of the triathlon were slightly greater compared to those usually recorded in competition. The change over time between swimming-cycling was about 3 min and 2 min for the cycling-running transition, including the time needed to place the three EMG electrodes and change shoes. The third testing session was termed 'Prolonged run' consisting of the achievement of a 2 h 15 min exercise bout of running. The subjects ran first for 1 h 30 min on a flat track: they had to run at 80 -85% of their maximum heart rate value during this period. The outdoor-laboratory transition was about 2 min, including the time needed to place the three EMG electrodes. During the last 45 min of the Prolonged Run (PR) performed on the treadmill (0% gradient), speed was identical to that performed during the Triathlon Run (TR) and the Isolated Run (IR). A photocell arrangement was mounted at the far end of the treadmill. Thus the time between photocell pulses was combined with measured treadmill belt length assuming the adjustment of the instantaneous running speed.
Outside air temperatures ranged from 18 to 27 °C while the laboratory temperature ranged between 23 -25 °C. The weather conditions were similar (no wind) during both triathlon and marathon. During all run sections on the treadmill two fans were placed in front of the runners. Each triathlete ingested one liter of water at their disgression during each testing session. The mean swimming distance was 1580 ± 407 m (3.1 km x h ).
Muscle tests
Isometric contractions
Right isometric knee extensions were performed using an isometric ergometer (type: J. Schnell, Selephon, Germany). Before each testing session the subjects were asked to perform maximal isometric contraction of short duration (2 -3 sec) of the knee extensors muscles. The maximal force at a knee angle of 80° was measured, and the best performance after four trials was selected as maximal voluntary contraction at 80 ° (MVC 80 ). Approximately 2 -3 min separated each of the four trials. After a 10 min warm-up on the treadmill at 60% of their MAS, subjects maintained an isometric contraction of the knee extensor muscles at 35% MVC 80 for 4 sec. The required force of contraction was displayed by an oscilloscope placed in front of the subject. We have taken into consideration only the 3 last sec of the contraction for the analysis of EMG data; the first second was considered as the time to reach the reference line of 35 % MVC 80 showed on the oscilloscope and was therefore not analyzed. The mean value of the 3 sec analyzed was called non-fatigued (NFO) value. Also recorded was a 4 sec isometric contraction during the treadmill run of each event (Triathlon Run, TR; Prolonged Run, MR; Isolated Run, IR); the isometric ergometer was placed next to the treadmill. The times of measurement were precisely at the fifth min (TR1, PR1 and IR1 ), the 22 min (TR2, PR2, and 1R2), and the 45 min (TR3, PR3, and IR3) of running.
During all isometric contractions subjects were in a sitting position, securely strapped into the muscletest chair. The seated posture met the following specifications: hip angle 10 °, knee angle 80°. Before and after each trial subjects had to indicate the perceived exertion value according to the Borg's scale DP 20 [5] ; all values were recorded immediately after the 4 sec of knee extension.
Dynamic contractions
During the treadmill run the EMG activity was recorded during the second to fifth min of running (2 -5) , during the seventeenth to twentieth min (17 -20) , and the thirty-ninth to forty-second min (39 -42). During both isometric (i.e. knee extension) and dynamic contractions (i.e. treadmill run) the EMG activity of the vastus lateralis muscle was recorded by means of bipolar, silver/silver chloride, surface electrodes (interelectrode distance = 20 mm; area of electrode 50 mm 2 ) positioned over the belly of the muscle contracted. The skin was prepared by surface abrasion, cleaned with 33 % ether, 33 % aceton, 33 % alcohol. The impedance was checked, and only values below 5 kΏ were accepted. The two electrodes were fixed lengthwise over the motor point (approximately 20 cm above the knee). To be sure that electrodes were precisely at the same place for each testing session, we marked the electrode location on the skin with an indelible marker. The electrodes were secured with surgical tape and cloth wrap, and electrode wires were also secured to an elastic belt worn by subjects to minimize disruption during the movement. The electrode housing contained a solid state preamplifier (signal amplified 35 times), and the preamplified signal was subsequently amplified (gain setting of 10 which includes preamplification). After amplification (x 600) the signal was recorded on a SONY tape recorder type KMT (SONY Corporation, GmbH Kraus-Messtechnik, Otterfing, Germany, banwidth from 6 to 1500 Hz) and stored on a digital audio tape. The sampling rate was 12 kHz per channel with 12 bit data resolution. Off-line EMG recorded samples were digitized using a 1 kHz sampling rate and stored on a computer disk: the EMG was then processed.
EMG analysis
For the isometric contractions the power spectrum density function of each recording was calculated by fast Fourier transformation. The analyser computed a mean spectrum by calculating the root mean square (RMS) values obtained from consecutive time windows of 0.5 s duration. The resulting spectrum was defined by 512 points in amplitude and phase. The final result of this signal analysis was a number of EMG variables including RMS and the frequency of the mean power frequency (MPF). lt was calculated according to the equation given by Kwatny et al. [22] . (Dynaview 1.0, G. Dietrich, Paris, 1995) . In order to analyze a same session during the three runs, 10 consecutive running bursts during the foot contact phase were integrated at 1 min and 2 min (period 1), 19 min and 20 min (period 2), 41 min and 42 min (period 3). We normalized all iEMG values expressed with regard to the burst duration (iEMG/burst duration) obtained in a non-fatigue state: these values were considered as the measurement of muscle activity. These values were named 'iEMG flow, QiEMG'.
Statistical analysis
The global statistical analysis of all studied parameters in relation to the various moments and types of exercise identified (Triathlon Run 
Results
Oxygen uptake and energy cost of running
The variance analysis demonstrated a global effect of the exercise (P < 0.05) on V0 2 values. In comparison with the TR and IR the PR showed a greater VO 2 throughout the trial. For Ti (2 -5), T2 (15 -22) , and T3 (35 -42) the VO 2 values obtained during the triathlon were higher than those measured during IR (P < 0.05). The initial values for TR1, PR1, and IR1 were 50.6 ml x min -1 x kg , respectively. At the beginning of the running trial, VO 2 was higher during PR than during both TR and IR (+ 3 %, P < 0.05 and + 11 %, P < 0.01, respectively). At the end of the running trial VO 2 was higher during PR than during both TR and IR (+ 3 %, P < 0.05 and + 10 %, P < 0.01, respectively). Table 2 shows the changes in the energy cost of running (Ec) in relation to the 45 min running under PR, TR, and IR conditions. TR and PR led to a greater Ec throughout the running test in comparison with IR values (P < 0.01). Also Ec at each analysis time was higher during PR than during TR (P < 0.05). We did not find any statistical difference change in Ec along each tested run.
Head -rate values
As indicated in Table 2 , the mean heart rate (HR) for PR1, PR2, and PR3 was significantly greater (P < 0.05) than for TR1, TR2, and TR3, respectively. Also HR values recorded during both PR and TR were higher than those recorded during IR (P < 0.01). The mean heart rate obtained during PR was significantly greater than that recorded during TR (+ 4%, P < 0.05) and IR (+ 13 %, P < 0.01). Mean HR recorded during TR was significantly greater than IR value (+ 10%, P < 0.01).
Analysis of EMG
Dynamic contractions Fig. 2 shows the variations of the integrated EMG signal expressed with regard to burst duration (IEMG flow) during 2 min of running (triathlon run TR, prolonged PR and isolated run IR). Mean values (7 subjects) recorded during PR2 (18-20') and PR3 (40-42') were significantly greater compared with the mean PR1 value (P < 0.05 and P < 0.01, respectively).
Isometric contractions
As indicated in Fig.3 a, signal amplitude (RMS) was significantly greater during all the PR (P < 0.01) in comparison with the reference value. Moreover, RMS values obtained during TR were significantly greater (P < 0.05) than the reference value recorded before the trial. Results of MPF values for PR indicated a significant decrease for PR1, PR2, and PR3 (P < 0.05, P < 0.05, and P < 0.01, respectively) compared with the reference value recorded before the start of the trial (Fig. 3b) . Moreover, results of MPF values for TR indicate a significant decrease compared with the initial value (P < 0.05) while MPF values recorded in IR1 show a significant increase (P < 0.05) compared with the initial value. Fig.  4 represents the alterations of the power spectrum of the EMG signal recorded on the vastus lateralis muscle for one triathlete. This triathlete was representative of the population tested during an isometric contraction of 4 sec knee extension. Spectrums shown in this figure indicate the different frequencies obtained before and after the prolonged run which induced the most significant difference as shown in Fig. 3b .
Rating of perceived exertion
All ratings of perceived exertion values (RPE) are reported in Table 3 . RPE values for TR obtained during the last isometric contraction, immediately after TR3, were significantly higher in comparison with IR values and the initial value obtained before the triathlon trial (P < 0.01). RPE values after TR3 were significantly lower versus RPE values obtained after MR3 (P < 0.05). Also RPE values after PR3 were significantly higher compared to RPE values after 1R3 and the initial RPE values recorded before the prolonged run (P < 0.01). RPE values after 1R3 were significantly higher than RPE values obtained before the trial.
Discussion
The first observation of the present study was the increase in the integrated electromyographic flow (QiEMG) over the course of a prolonged run (PR) lasting 2 h 15 min. In addition the results confirm that both a 2 h 15 min PR and triathlon event (TR) result in a significant increase in the energy cost of running (Ec) during the final phase of each event compared to an isolated run (IR: 26 m10 2 x min -1 x km -1 , P < 0.01 and 7 m10 2 x min -1 x km -1 , P < 0.05, respectively; see Table 2 ). Moreover, there was also a higher Cr during the run portion of an "Olympic Triathlon" compared with an isolated run (P< 0.05). It is noteworthy that the energy cost of the TR, PR, and IR remained constant throughout each trial ( Table 2) , and these values are in close agreement with those obtained in studies involving prolonged running [32, 36] or an overground triathlon [14, 15] . Consequently both single-and threediscipline prolonged endurance exercise result in a decreased running economy compared to an isolated run at the same speed. The results of our experiment confirm also the decrease in running economy that occurred during a prolonged run (i.e. 2 h 15 min) in comparison with an isolated run (i.e. 45 min) for a similar running speed.
However, one interesting finding of this experiment is that the magnitude of changes in EMG variables under non-fatiguing (IR) and fatiguing trials (PR, TR) tended to be different. Williams et al. [35] suggested that runners did not clearly modify their running mechanics with fatigue but instead hypothesized that modifications of the patterns of motor unit recruitment could be at the beginning of a fatigue state during running. For all subjects in our study a number of EMG variables were significantly altered by the prolonged exercise.
The QiEMG of the vastus lateralis (VL) muscle was significantly higher after the 1 h 50 min (PR2 ) and 2 h 10 min (PR3) portions of the prolonged run than at the 1 h 30 min mark (PR1, P < 0.05; Fig. 2 and P < 0.01, Fig. 2, respectively) . There was no observed change in QiEMG during the length of the TR or IR. Interestingly the shift in QiEMG during the latter stages of the PR was not associated with a significant increase in the energy cost of running. Accordingly the triathletes who were not as well trained as the specialist runner experienced greater changes in their neuromuscular coordination at the end of endurance running exercise in comparison with the specialist runner. This neuromuscular alteration has been recently shown for a triathlete population after an Olympic triathlon and a marathon [23] . This study emphasized that the rise of the center of gravity of the counter-movement-jump (CMJ) was significantly lower after the marathon (-12 cm) than after the triathlon (-2.5 cm). Kinetic analysis of the CMJ showed changes during the flexion phase where the quadriceps act in part eccentrically. More eccentric contractions and mechanical constraints during the marathon (or prolonged run) may explain both the greater alteration to jump performance after the marathon [23] and the elevated QiEMG values obtained on the VL in the prolonged run of the present study. Some common factors may be expected to support this specific type of exercise. In addition structural damage has been observed after a marathon [12, 34] and in exercices in which eccentric actions dominate [10] , suggesting an impairment of the muscle fibre function. A muscular functioning failure may be expected after a 2 h 15 min run; an increased activation of the motor units (MU) of the VL may further be speculated to result from an increased reliance on the fast-twitch muscle fibres at the end of the run and/or an increase of MU discharge since the start of the prolonged run. The integrated EMG increase and the MPF of the power spectrum density function decrease were previously demonstrated for brachioradialis muscle and biceps brachii activity [11] . The results of this study suggested that in the present study a specific role of compensatory activation of other vastus lateralis agonist muscle such as the rectus femoris muscle could be observed. Moreover, the repetitive stretching loads of a prolonged run induce ultra-structural damage which might be associated with an hyperpermeability of the muscular cell [24] and with reduced ability of the muscular tissue to contract [12] . In this framework the more elevated QiEMG recorded at the end of PR vs. TR could be partly representative of the contractile properties modifications. This is partly due to the repeated eccentric loading demonstrated to result in an increased level of neural activation of the muscle at a given low level tension [19] .
Analysis of surface EMG activity has been used increasingly to study muscle fatigue [8] . It has been found that during a fatiguing submaximal contraction the power spectrum of the surface EMG (MPF) shows a linear shift to lower frequencies [1] . Moreover, an increase in EMG amplitude (RMS) with time has been associated with prolonged submaximal muscle contraction [1] . To provide systematic information of muscle activation, a standard isometric contraction of knee extensors muscles (i.e. VL) was performed on three different occasions (start, middle, end of testing sessions) during PR, TR, and IR. These standard isometric tests were carried out at 35% of maximal voluntary contraction (MVC), supposing this level of contraction to be high enough to be sensitive to prior run exertion and low enough to be sustained for 4 sec without generating an extra fatigue level and not occluding muscle blood flow. It was then assumed that all recorded EMG data at this force level during a static contraction could be an indicator of the fatigue state generated by the various dynamic exercises of this study (triathlon, prolonged run, isolated run). The increase of QiEMG during the final phase of PR (dynamic contraction) is associated with a significant elevated value of EMG amplitude (isometric contraction, Fig. 3a) and a significant shift of MPF towards lower frequencies (isometric contraction, Fig. 3b) in comparison with the reference value (e.g. in Fig. 4) . It is well documented that the power density spectrum of an EMG signal is compressed toward lower frequencies as a sustained contraction progresses [18, 26] .
According to the present study the shift of MPF towards lower frequencies and the increase in EMG amplitude were more marked during PR than TR. Although we have not proposed a time-limit for a submaximal static contraction as in many studies [8, 18, 26] , we suggest that isometric EMG data may indirectly reflect the variation in the muscle generated during all dynamic exercises. The isometric test therefore reveals some additional complementary information regarding the neuromuscular state during the final phase of the different runs. Nicol et al. [29] have previously shown that pre-marathon iEMG activity values were elevated by 34% following the competitive marathon run. In accordance with this we have found respective increases in EMG amplitude across the PR and TR of 22 and 12% (Fig. 3 a) . These results were linked to the mean value obtained on the scale of perceived effort [5] (Table 3 ): 14.6 and 11.2 points for post-prolonged run and post-triathlon, respectively. Both the increase in EMG amplitude and decrease in MPF values during PR were associated with the most elevated rating of perceived exertion (RPE) as has been confirmed in an earlier study using a subjective approach to a fatigue state [31] . Although we assumed that the additional EMG testing of an isometric contraction (of short duration and at 35% MVC) during the runs was not enough to increase muscle fatigue level significantly, we hypothesized that only the cellular alterations which appear at the end of PR and TR might have influenced the present increase of RPE obtained in post-marathon and post-triathlon.
In conclusion, the results of the present investigation confirm the increase of the energy cost of running during the final phase of a prolonged run and a treadmill based triathlon run. One particularly important feature was that a 2 h 15 min prolonged run induced greater neuromuscular alterations, identified by an increase in the integrated EMG flow of the vastus lateralis muscle, than a triathlon lasting the same amount of time but combining 3 disciplines (viz. swimming, cycling, and running). Thus, by combining three different activities into a continuous event, the triathlon appears to induce less muscle alteration as illustrated by the stability in iEMG flow recorded during the run portion. The observed change in running economy could not be related to an isolated EMG factor such as the muscle activation of the vastus lateralis. In addition it is suggested that the rating of perceived exertion recorded during isometric contractions is a good indice to approach the level of fatigue during different modalities of prolonged exercices. 
Fig.3a
Changes in signal amplitude (RMS) obtained for 3 seconds of isometric contraction of knee extension; all values are means (± SD) and recorded during the triathlon run, the prolonged run, and the isolated run. For each trial values were compared with the reference value (i.e. before exercise, 100%).
Fig.3b
Changes in mean power frequency (MPF) obtained for 3 seconds of isometric contraction of knee extension; all values are means (± SD) and recorded during the triathlon run, the prolonged run, and the isolated run. For each trial values were compared with the reference value (i.e. before exercise, 100%).
Fig. 4
Modifications of the power spectrum of the EMG signal recorded for the population tested (mean values, 7 subjects) during an isometric contraction of 3 sec of knee extension. Spectra shown on the above represent the different frequencies obtained before (left) and alter the prolonged run (right).
